Objectives: To determine the genomic sequence of extensively drug-resistant Acinetobacter baumannii DU202 and to perform proteomic characterization of antibiotic resistance in this strain using genome data.
Introduction
Multidrug-resistant (MDR) Acinetobacter baumannii is an important opportunistic pathogen that causes nosocomial infections. 1 With worldwide reports of epidemics and hospital outbreaks increasing, the MDR A. baumannii pathogen is a target for genome-wide analyses. 2 -5 Using data accumulated in the MDR A. baumannii genome database, proteomic analyses have been performed to elucidate antibiotic resistance mechanisms in this organism. 6 -13 Proteomics provides information about the protein responses of MDR A. baumannii to specific antibiotic stresses, so it is a useful method for the elucidation of resistance mechanisms and screening for target proteins. However, the majority of A. baumannii proteomic analyses have been performed using publicly available protein data from the NCBInr, an A. baumannii data pool (UniProt database for A. baumannii), or genome data from representative A. baumannii strains, such as ATCC 17978 or ATCC 19606 T . 7, 11, 14, 15 This organism, however, does not have a dedicated genome database, so unique characteristics of separate MDR A. baumannii isolates may be missed in proteomic analysis. Furthermore, the diversity of antibiotic resistance genes in MDR A. baumannii isolates can hinder the collection of accurate proteomic data using generic A. baumannii genomic data as a reference for separate MDR strains.
To provide a more comprehensive proteomic analysis, a proteogenomic approach was used to characterize antibiotic resistance in MDR A. baumannii. The narrow definition of proteogenomics refers to studies that use proteomic information, often derived from mass spectrometry, to improve gene annotations.
to facilitate the discovery of novel antibiotic resistance genes and improve our understanding of resistance mechanisms in A. baumannii DU202.
A. baumannii DU202 is a clinical isolate from a Korean hospital that exhibits resistance to many antibiotics, including imipenem, tetracycline, ampicillin and chloramphenicol. In our previous study, proteomic analysis was performed using A. baumannii genome data from the strain ATCC 17978 for protein identification and quantification in cell wall and membrane fractions. 6 The results indicated that Fe-binding proteins and resistance-nodulation-cell division (RND) transporters were up-regulated and outer membrane proteins were down-regulated in the presence of a high concentration of tetracycline. In response to a high concentration of imipenem, penicillin-binding proteins, RND transporters and b-lactamases were up-regulated, and the outer membrane proteins were down-regulated. However, a large number of proteins were identified as hypothetical or putative proteins because of a lack of A. baumannii DU202 genome data. In this study, we performed genome sequencing and characterization of A. baumannii DU202, followed by proteomic analysis of the cytoplasm, cell wall and membrane to provide a comprehensive picture of antibiotic resistance in this strain.
Materials and methods
Bacterial cultivation, DNA extraction and cytosolic protein preparation A. baumannii DU202 was cultured in Luria-Bertani (LB) broth until reaching an optical density at 600 nm (OD 600 ) of 0.7-0.8 for genomic DNA preparation. Genomic DNA was extracted from harvested A. baumannii DU202 using a LaboPass kit (COSMO, Korea). For proteomic analysis, A. baumannii DU202 was cultured in three different conditions-LB broth (control), LB broth supplemented with tetracycline (100 mg/L) and LB broth supplemented with imipenem (50 mg/L)-and harvested at an OD 600 of 0.7 -0.8. Cell disruption was performed using a French pressure cell (SLM AMINCO, Urbana, IL, USA) at 20 000 lb/in 2 , and the cytosolic fraction was prepared by centrifugation (15 000 g, 45 min).
Antimicrobial susceptibility assay
Antimicrobial susceptibility testing of A. baumannii DU202 was performed with the Vitek 2 system for 17 antimicrobial agents, following the manufacturer's instructions and using the AST-N225 card (bioMé rieux, Marcy-l'Étoile, France). The susceptibility of A. baumannii DU202 to antimicrobial agents was also determined by the agar dilution method, according to the guidelines of the CLSI. 17 Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were used as quality control strains. MIC breakpoints of tigecycline were found in the FDA-approved package insert. 18 The tigecycline breakpoints for Enterobacteriaceae were applied to A. baumannii DU202.
Genome sequencing of A. baumannii DU202
The genome of A. baumannii DU202 was sequenced with Hi-Seq 2000 technology. A paired-end sequencing library with an insert size of 250 -350 bp was constructed and a total of 42 416 646 sequencing reads were obtained, with an average length of 117 bp after trimming for data quality. Reference-based assembly, using BWA assembler 19 and GATK, 20 was performed using the raw sequencing data, followed by gap filling using the contigs produced by de novo assembly, for which we used Velvet 21 and SOAP software. 22 
Gene annotation and bioinformatic analysis
Genome annotation was performed with the Rapid Annotation using Subsystem Technology (RAST) annotation server 23 and Glimmer 24 for gene prediction. The results for predicted coding genes were confirmed by BLASTp against the NCBI protein database 25 for A. baumannii, with additional functional category information assigned using Cluster of Orthologous Groups (COG). 26 The rRNA gene region was analysed with RNAmmer 27 and tRNAscan-SE. 28 GC content was calculated by GC-Profile 29 and transposable elements were identified using ISfinder. 30 Phylogenetic analysis was performed with the CVTree web server, 31 using an alignment-free composition vector method, and a phylogenic tree was constructed using the MEGA5 program. 32 
Proteomic analysis by LC-MS/MS
The cytosolic protein mixture was fractionated by 12% SDS -PAGE and treated by tryptic digestion, in accordance with a previously described method. 6 The gels were then divided into 10 fractions according to molecular size. Each fraction containing protein samples was digested with trypsin (Promega, Madison, WI, USA) for 16 h at 378C after reduction with 10 mM dithiothreitol and alkylation of cysteines with 55 mM iodoacetamide. The digested tryptic peptides were extracted with extraction solution (50 mM ammonium bicarbonate, 50% acetonitrile, and 5% trifluoroacetic acid) and dissolved in 0.5% trifluoroacetic acid for LC-MS/MS analysis. A 10 mL aliquot of the tryptic peptide sample was concentrated on an MGU30-C18 trapping column (LC Packings, Amsterdam, The Netherlands), eluted and directed on to a C18 reverse-phase (RP) column (10 cm×5 mm i.d.; Proxeon Biosystems, Odense, Denmark) at a flow rate of 120 nL/min. Peptides were eluted using a gradient of 0%-65% acetonitrile for 70 min. All MS and MS/MS spectra were acquired using a Thermo Finnigan LTQ FT MS (San Jose, CA). Each full MS (m/z range 400 -2000) scan was followed by three MS/MS scans of the most abundant precursor ions in the MS spectrum with dynamic exclusion enabled. Protein identification was performed using MASCOT version 2.4 software (Matrix Science, Inc., Boston, MA). The A. baumannii DU202 protein database was used to analyse the MS/MS data. Search parameters allowed for the oxidation of methionine, carbamidomethylation of cysteines, one missed trypsin cleavage, a peptide tolerance within 50 ppm and a fragment mass tolerance within 0.8 Da. The exponentially modified protein abundance index (emPAI) was generated using MASCOT software, 33 with mol% calculated according to emPAI values. MS/MS analysis was performed more than three times for each sample. MS/MS data were filtered according to false discovery rate (FDR) 1% criteria.
GenBank accession number
The entire genome sequence of A. baumannii DU202 has been deposited in GenBank under the accession number AVGF00000000.
Results and discussion

Susceptibility profiles
A. baumannii DU202 was isolated from a clinical specimen (sputum) from a patient admitted to a hospital in Busan, Korea. A. baumannii DU202 was resistant to aminoglycosides, antipseudomonal carbapenems, anti-pseudomonal fluoroquinolones, anti-pseudomonal penicillins, penicillins combined with b-lactamase inhibitors, extended-spectrum cephalosporins, folate pathway inhibitors and tetracycline, but susceptible to tigecycline and colistin. It was therefore designated extensively drug resistant (XDR). 34 The MICs for A. baumannii DU202 of 17 antibiotics are listed in Table 1 .
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Genome properties
Sequencing results demonstrated a genome size of 3.8 Mb for A. baumannii DU202. General features of the A. baumannii DU202 genome are listed in Table 2 . The number of genes and protein-coding sequences were calculated as 3749 and 3660, respectively (Table S1 , available as Supplementary data at JAC Online).
Comparative genomics
The genome sequence of A. baumannii DU202 was compared with those of other A. baumannii strains by phylogenic analysis (Figure 1) . A. baumannii DU202 was related to A. baumannii strains belonging to global clone 2 (GC2). Multilocus sequence typing using seven standard housekeeping genes (cpn60, fusA, gltA, pyrG, recA, rplB and rpoB) revealed that A. baumannii DU202 was sequence type (ST) 2 (2-2-2-2-2-2-2), which is an epidemic clone in Korea. 35 A. baumannii DU202 was most closely related (86.9% homology in genome sequence) to A. baumannii 1656-2, 36 an MDR strain isolated in Korea. This strain has biofilmforming ability and carries two plasmids. 36 However, A. baumannii DU202 demonstrated lower homology with A. baumannii ATCC 17978, the genome of which was used as a reference for previous proteomic analysis of A. baumannii DU202. The average sequence homology between orthologous genes of A. baumannii ATCC 17978 and A. baumannii DU202 is 84.09%. However, A. baumannii DU202 has 855 unique genes, which demonstrates that the genome database of A. baumannii ATCC 17978 is not adequate for proteomic analysis of A. baumannii DU202 and indicates that reanalysis of previous proteomic data is required to obtain accurate results. 6 Insertion sequences (ISs) and antibiotic resistance islands of A. baumannii DU202
The ISs of A. baumannii strains are important for the acquisition of resistance. 37 Fifty-four ISs were found in the genome of A. baumannii DU202 (Table 2) , composed of the following five types: ISAba1, ISAba10, ISVsa3, IS26 and IS15D1. ISs located upstream of resistance genes are known to act as additional promoters, enhancing levels of transcription. 37 In A. baumannii DU202, IS4 family transposases (ISAba1 type) were located upstream of three b-lactamases (DU_1173, b-lactamase; DU_2024, b-lactamase class D; DU_2663, b-lactamase class C) and a polymyxin resistance gene (DU_1134, lipid A phosphoethanolamine transferase, associated with polymyxin resistance). Additionally, IS26 sequences were located upstream of a metallo-b-lactamase (DU_3596) (Figure 2 ).
In addition, A. baumannii strains carry antibiotic resistance islands (RIs) for accumulation of multiple resistance genes. 1 The ATPase gene acts as a transposition gene when it mediates the integration of multidrug resistance genes. 38 Genome analysis showed that A. baumannii DU202 carried an antibiotic RI 18 169 bp in length, which was designated RI du202 . This has a backbone of Tn6022D1 with additional Tn10 and Tn5393 sequences ( Figure 3 ). This structure is very similar to that of the Tn6166 of A. baumannii A320. 39 Tn10 contained the tetracycline Lee et al.
resistance genes tetA (DU_0264, tetracycline efflux protein TetA) and tetR (DU_0265, transcriptional regulator, TetR family), and streptomycin resistance genes [strA (DU_0269, streptomycin 3-kinase StrA) and strB (DU_0268, streptomycin resistance protein B strB)] were found in Tn5393. Although A. baumannii DU202 was closely related to A. baumannii 1656-2, the RI gene structures of the two strains were different in size, copy numbers of strA and strB, and antibiotic resistance gene structure (Figure 3 ).
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RI 1656-2 has two copies of strA and strB, and a blaPER-1 sequence in Tn2345.
Antimicrobial resistance genes of A. baumannii DU202
Gene annotation analysis showed that A. baumannii DU202 carried 20 classes of antibiotic resistance genes and efflux transporters (Table 3) , comprising 144 genes. Resistance genes for aminoglycosides, b-lactams, chloramphenicol, tetracyclines, carbapenems, heavy metals, multidrug RND efflux pumps and multidrug ABC transporters were identified. These resistance genes were found in other MDR A. baumannii strains. 2, 3, 38 Comparative genome analyses with A. baumannii ATCC 17978 showed that 14 resistance genes, including strA, strB and tetA are not found in A. baumannii ATCC 17978. The locus tags of resistance proteins induced in our culture conditions (LB, tetracycline or imipenem), and identified by LC-MS/MS analysis, are indicated in bold (Table 3) .
Proteomic analysis of membrane-associated fraction
In previous proteomic studies, the membrane-associated fraction (cell wall and membrane) of A. baumannii DU202 was quantitatively analysed by three different approaches (1-DE-MS/MS, MudPIT and iTRAQ) using the genome database of A. baumannii ATCC 17978.
6 This is a pathogenic strain isolated from a case of meningitis, and its genome is used as a control genome for MDR strains. 5, 41 Our previous results indicated that antibiotics (tetracycline and imipenem) cause variable induction or repression of RND transporters, outer membrane proteins, b-lactamases, Fe-binding proteins and ribosomal proteins in A. baumannii DU202.
6 To obtain accurate proteomic results, MS/MS data from the membrane-associated fraction were reanalysed using the genomic data on A. baumannii DU202, and 971 proteins were identified (Table S2 , available as Supplementary data at JAC Online). Among these were 271 newly identified proteins. Cellular location prediction indicated that 504 proteins (51.9% of identified proteins) belonged to the membrane, periplasmic and extracellular groups. Quantification was performed to generate mol% values based on emPAI analysis. 33 From this proteogenomic analysis, we derived novel and more accurate data for the response of A. baumannii DU202 to tetracycline and imipenem. The presence of the tetracycline efflux protein (DU_0264, tetracycline efflux protein TetA) was confirmed by genomic analysis of the antibiotic resistance island, RI du202 . TetA was identified by LC-based proteomic analysis (Table S2 , available as Supplementary data at JAC Online) and induced under tetracycline culture conditions only. RI du202 has the streptomycin resistance genes strA (DU_0269, streptomycin 3-kinase StrA) and strB (DU_0268, streptomycin resistance protein B strB), whose protein products are known to be cytosolic. They were not induced in the membrane-associated fraction but were detected in the cytosolic fraction. Genome analysis revealed that five genes (four b-lactamase genes and one polymyxin resistance gene) were clustered with IS4 family transposases (Figure 2 ). However, proteomic analysis of the membrane-associated fraction revealed that only two b-lactamases (DU_2024 and DU_2663) were significantly induced under high imipenem conditions. In particular, a class C b-lactamase (DU_2663) was strongly expressed in LB broth and found at reduced levels in the presence of both imipenem and tetracycline. However, the class D b-lactamase (DU_2024) was up-regulated in response to imipenem (Table S2 , available as Supplementary data at JAC Online).
Among 22 RND transporter genes of A. baumannii DU202, 12 were identified by reanalysis of MS/MS data and annotated. AdeABC and AdeIJK were identified by both genetic and proteomic analysis. Nine RND transporters, including two Ade transporters, were up-regulated in the tetracycline condition, but only five were up-regulated in the presence of imipenem. Quantification data suggest that AdeIJK may play a major RND transporter role in A. baumannii DU202, regardless of culture conditions. Other MDR transporters (DU_0928, membrane fusion component of tripartite multidrug resistance system; DU_2165, multidrug resistance efflux pump; DU_2903, multidrug resistance efflux pump) and ABC transporters (DU_2047, multidrug ABC transporter ATPase/permease; DU_2068, multidrug ABC transporter ATPase/permease) were up-regulated in antibiotic culture conditions.
Sixteen outer membrane proteins were induced in culture conditions. The outer membrane lipoprotein, Omp 16 precursor (DU_0904), was the most abundant of these and was greatly reduced in tetracycline conditions. Major outer membrane proteins (DU_0904; DU_3136, outer membrane protein A precursor; DU_3145, glucose-selective porin OprB; DU_3568, 33 -36 kDa outer membrane protein; DU_3590, outer membrane protein) were down-regulated in tetracycline and imipenem conditions, consistent with previous results. Ten sensor proteins were identified; among them, BarA, DegS, RstA, QseC and EnzA were up-regulated under antibiotic stress conditions. Cell division proteins were also up-regulated .2.5-fold in conditions of antibiotic stress (Table S2 , available as Supplementary data at JAC Online). Heavy metal resistance proteins (DU_3482 -5) were present at low levels but constitutively induced. Multidrug and toxin extrusion (MATE) and small multidrug resistance (SMR) family products were reported to be involved in resistance to aminoglycosides, quinolones and tetracyclines in A. baumannii, S. aureus and P. aeruginosa. 42 -44 In our culture conditions, however, other resistance transporters, such as MATE and SMR, were not induced or induced as low-copy proteins.
Proteomic analysis of cytosolic fraction
Proteomic analysis of the cytosolic fraction of bacteria cultured in LB, tetracycline and imipenem was performed using the genomic data from A. baumannii DU202. A total of 1664 proteins (45.5% of the A. baumannii DU202 genome) were identified and 1136 were sorted as cytoplasmic proteins by cellular location prediction programs (Table S3 , available as Supplementary data at JAC Online). Twenty-six products of MDR genes were newly identified in the cytosolic fraction (Table S4 , available as Supplementary data at JAC Online). In particular, 11 b-lactamases were detected, among which two metallo-b-lactamases (DU_2208 and DU_2457) and one member of the hydrolase superfamily of Proteogenomic analysis of Acinetobacter baumannii Lee et al.
b-lactamases (DU_2261) were abundantly induced in the cytosolic fraction (Table S4 , available as Supplementary data at JAC Online). The RND efflux system protein AdeC, low levels of which were detected in the membrane fraction, was found to be abundant in the cytosolic fraction. However, other MDR proteins demonstrated comparatively low induction or were not represented among cytoplasmic proteins. Three AdeT proteins (DU_0006, DU_0007 and DU_2295) were identified in the cytosolic fraction. AdeT is assumed to be a regulator for AdeABC and is known to be involved in aminoglycoside resistance. 45, 46 AdeT (DU_2295) was strongly suggested to be the regulator of AdeABC (DU_2291, DU_2290 and DU_2289) because of close Table S5 , available as Supplementary data at JAC Online. Proteogenomic analysis of Acinetobacter baumannii 1489 JAC proximity. AdeR (DU_2292), another putative regulator of AdeABC, was also identified in the cytosolic fraction. COG analysis showed that a major proportion of cytoplasmic proteins were involved in energy production and conversion, lipid transport and metabolism, and transcription (data not shown). However, we did not observe any significant differences in cytoplasmic protein levels in response to antibiotics. A. baumannii DU202 has proteins involved in the biodegradability of monocyclic aromatic compounds, such as benzoate and p-hydroxybenzoate, 47 and the b-ketoadipate pathway is strongly induced by these aromatic compounds. However, our proteomic analysis revealed that the enzymes of the b-ketoadipate pathway were significantly induced in LB without the absence of aromatic compounds as substrates. This result means that A. baumannii DU202 constitutively induced these enzymes to be ready to use aromatic compounds in the environment.
Conclusions
In this study we completely sequenced the genome of A. baumannii DU202 and demonstrated that this strain belongs to GC2, a clone that is spreading worldwide. Proteogenomic analysis was also performed to elucidate the antibiotic resistance mechanisms of A. baumannii DU202, identifying a large number of resistance genes encoding b-lactamases, aminoglycosides, tetracyclines, heavy metals, and IS and RI loci, which are important in antibiotic resistance mechanisms. Using the generated A. baumannii DU202 genome database, previously unidentified proteins were detected. One example is FilB (DU_0693). FilB is a putative pilus assembly protein, which is 96% homologous with FilB (A1S_0691) of A. baumannii ATCC 17978. 2 Although the two proteins are highly homologous, FilB of A. baumannii DU202 was not identified in a Mascot search using the A. baumannii ATCC 17978 genome because six theoretical tryptic peptides of A. baumannii DU202 FilB have different sequences (Figure 4) . The proteogenomic analysis produced more useful information about the resistance mechanisms of A. baumannii DU202 than the genomic results alone. A particular advantage of this approach was the comprehensive and simultaneous analysis of the presence of MDR genes in the genome, with quantitative induction of MDR proteins using specific culture conditions and cellular locations of MDR proteins (Table S5 , available as Supplementary data at JAC Online). One example is the characterization of b-lactamases. The class C b-lactamase DU_2663 has an upstream IS and was strongly induced in the membrane (especially under the LB culture condition), but was not detected in the cytosolic fraction. By contrast, the metallo-b-lactamase DU_2208 was the most abundant b-lactamase in the cytoplasm (especially in the presence of imipenem), but was not detected in the membrane fractions. These results suggest different roles for b-lactamases in A. baumannii (Table S4 , available as Supplementary data at JAC Online). The metallo-b-lactamase DU_2208 was constitutively induced in cytoplasm regardless of culture conditions. However, the class C b-lactamase DU_2663 was abundantly induced in the membrane-associated fraction under imipenem treatment but drastically reduced in the tetracycline conditions, suggesting tight regulation of this gene according to environmental stress. Another advantage was being able to obtain proteomic information about the differential induction of resistance genes in response to antibiotics. Among the 142 genes designated as MDR loci, only 69 genes were induced in the conditions used in this proteomic experiment (LB, tetracycline and imipenem). We can expect specific induction patterns of antibiotic resistance genes (RND transporters, MDR transporters, b-lactamase etc.) under different antibiotic conditions. Rumbo et al. 48 tried to elucidate the role of efflux pumps, porins and b-lactamases in the presence of various antibiotics by transcriptional analysis using real-time RT-PCR. Further proteome experiments using treatment with different antibiotics, such as aminoglycosides or different b-lactams, will provide more detailed functional information about antibiotic resistance genes or the discovery of novel resistance genes, allowing a comprehensive understanding of MDR A. baumannii DU202 resistance. 
